ABSTRACT -Thyristor-controlled series capacitors (TCSC) have dynamic characteristics that differ drastically from conventional series capacitors especially at frequencies outside the operating frequency range. Therefore suitable models are needed to properly study the applications of TCSC on a utility system. An accurate analytical model of the TCSC which is valid in the frequency range from 0 Hz to twice the operating frequency is presented. The model incorporates the thyristor triggering logic, the synchronization system, and higher level control loops such as power oscillation damping loop. This model is suited for linearized analyses of a power system using frequency domain methods such as eigenvalues. It is particularly valuable in studying subsynchronous resonance (SSR) and enables the utility industry to better evaluate the interactions between TCSC and other devices.
INTRODUCTION
Thyristor-controlled series capacitors (TCSC) can provide many benefits for a power system including controlling the power flow on the line, damping power oscillations, and mitigating subsynchronous resonance [I ,2,3,4] . In order to assess the benefits and potential interactions of TCSC on a utility system and to determine its appropriate control settings, accurate models of TCSC are needed. Time-domain models of TCSC such as EMTP models can be made very accurate and are essential for studying large disturbances in the vicinity of the TCSC. However, these models do not lend themselves easily to investigating simall-signal stability and to optimizing the TCSC control settings.
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One of the major attractive features of TCSC is the ability to mitigate S!3R. However, in order to investigate subsynchronous torsional interaction between the TCSC and turbine-generator shafts, and to evaluate control interactions between TCSC and other devices in the power system such as SVC and excitation systems, an analytical model of a TCSC is needed which permits the linearization of the system dynamics and the computation of system eigenvalues. The analytical model should be accurate in the frequency range between 0 Hz and twice the operating frequency in order to accurately predict interactions in this frequency range. No such model has been reported iin the literature yet.
The TCSC incorporates both continuous dynamics (capacitor voltage) and discrete events (thyristor triggering) and thus its analysis is complicated. The approach taken here is to develop a continuous model of the main circuit of the TCSC which accurately accounts for the effect of the thyristor triggering on the capacitor voltage. The mathematical theory utilized is Poincare' mapping. The essence of the procedure is to formulate a model of the TCSC which predicts the capacitor voltage one-half cycle ahead based on the triggering instant of the thyristor during the present half-cycle. The triggering instant is then related to the synchronization system and the higher level control loops in order to provide an overall TCSC model. to the synchronization system and the higher level control loops is presented in Section 3. Section 4 investigates the accuracy of the proposed TCSC analytical model using lEEE first benchmark system for SSR studies 161.
MODEL DEVELOPMENT OF TCSC MAIN CIRCUIT
A linearized model of the TCSC main circuit including the capacitor, the inductor, and the thyristors is presented next. The model development encompasses three steps 1.
Development of a sampled-data model for a 2.
Development of a sampled-data model for a 
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During the turn-off period of the thyristor, the TCSC is modeled as a series capacitor as given in Equation (2).
The notation for the timing of the thyristor triggering is shown in Figure 3 . 
Three-phase Sampled-Data Model
The extension of the single-phase model to a threephase sampled-data model is straightforward. The capacitor voltages in the three-phase model are converted from abc reference frame to dqo in order to yield output signals which are constant in steady-state, and to facilitate the integration of the TCSC model within the transmission network small-signal model. Table 1 . (4-7), the three-phase sampled-data model is given by :
where F, G, and H for phases a,b, and c are given by Equation (7) with the integration limits given by the values in Table 1 . The thyristor triggering instants in phases a,b, and c are given by I$=, +b, and qC respectively. The system matrices for phases a, b, and c are identical, i.e., F, =F, =F, .
In order to facilitate the integration of the TCSC model within the transmission network model, the three-phase model is converted next-from a,b,c to dqO coordinate system.
Tva 1 c v d 1
Define Vabc = ; Vdqo =~~~ and define matrices P,,2 and Po as Park's transformation matrix evaluated at t=3d2 and t=d2 respectively.
Then the TCSC three-phase frame is given by : model in dqO coordinate where Note that the dqO reference frame utilized here is relative to the current in phase "a" of the TCSC. Therefore, before connecting the TCSC model to the transmission line model, a transformation from the TCSC reference frame to the network reference frame should be performed.
Three-phase Continuous Model
The TCSC model is converted to a continuous model using the following formulas 1 AT = sampling period = one-half cycle of power frequency Let 8 , be the angle of line current relative to the system reference signal, then to convert from TCSC reference frame to network reference frame, we utilize the following transformation:
where DQO is the coordinate system in network reference frame, and 8 is the phase angle of line current in phase a.
Modeling Triggering Control, Synchronization System and Higher Level Control Loops
The triggering time of the thyristors is the interface signal between the hardware and the controls of the TCSC. Figure 5 shows a TCSC block diagram including the triggering logic, the synchronization system, and the higher-level loops. The charge controller regulates the charge passing through the thyristors in one cycle to a user-specified value. The phase-locked loop synchronizes the calculations of the triggering logic to the line currents. The stabilizer is a high level damping controller designed to add damping to power swing oscillations.
The triggering logic can be simple such as a thyristor is triggered after some phase delay angle from the PLL zero-crossings, or it can be sophisticated in order to facilitate a desired purpose such as shaping the frequency response of the TCSC in a manner which aids the mitigation of SSR.
The triggering logic as well as the synchronization system and the higher level controls are linearized and then connected to the TCSC main-circuit model through the thyristor trigger times Qa, $bbr and (+. main-circuit is validated against a detailed time-domain simulation of the TCSC main circuit. In order to restrict the testing to the main circuit model, the TCSC is fed from a three-phase balanced current source and the thyristors are triggered after a fixed delay angle from the zero-crossing of the line current. The simulation in Figure  6 compares the response of the TCSC detailed model against the linearized model when the triggering delay angle (defined from zero-crossing of line current) is stepped from 80 degrees to 79 degrees. The line current is assumed to be 1000 Amps peak, the TCSC capacitor reactance at 60 Hz is 50 Ohms, and the inductor reactance is 5% of the capacitor reactance. The harmonic content of the TCSC voltage is evident in quadrature axis component of capacitor voltage. The 1 degree step responses of the linearized models at a delay angle of 80 degrees and at a delay angle of 79 degrees are shown. lnspite of the nonlinear characteristics of the TCSC operation, the linearized model is able to predict the step response characteristics including the steady-state value. 
Overall Model Validation
The main benefit of the linearized model of the TCSC is its suitability for frequency domain analysis using eigenvalues and root-locus plots. The accuracy of the model presented here should permit an accurate analysis of the stability of the turbine-generator torsional modes in the presence of a TCSC on the transmission system. In order to illustrate this benefit, the lEEE first benchmark system for SSR studies [SI is utilized. The system consists of a generator with a flexible rotor radially connected to a series-compensated transmission line. A detailed linearized model of the generator electrical and mechanical dynamics as well as the differential equations of the transmission line is first derived. The line is series compensated to 75% and two scenarios are studied. The first scenario considers a conventional series capacitor while the second scenario considers a TCSC with sophisticated controls. The eigenvalues of the overall power system are computed for both scenarios and plotted as a root-locus in Figure 7 . The linearized model predicts unstable torsional modes at 15 Hz and at 20 Hz when a conventional compensation is utilized, and predicts stable torsional modes when a TCSC is utilized. Furthermore, the damping of the power oscillation mode is improved when a TCSC is utilized. Figure 8 shows a steady-state operation of the system , when the thyristors are blocked from triggering at time tl and then later allowed to trigger at time t2. The angular displacement between the exciter and the generator shaft is shown. The dominant frequency of oscillation is between 15 and 20 Hz.
The system is clearly unstable when a conventional capacitor is utilized and is stable when a TCSC is utilized. The time response of the system is calculated in a real-time simulator with an accurate representation of the lEEE first benchmark system and utilizing the TCSC control hardware. 
CONCLUSIONS
A model is presented of the TCSC main circuit and the thyristor triggering controls including the synchronization system and high-level control loops. The accuracy of the model is investigated and found to be accurate in the frequency range between 0 and twice the fundamental operating frequency. The utility of the model in facilitating frequency-domain analysis using eigenvalues and rootlocus is illustrated, on IEEE first benchmark system for SSR studies, by comparing the results obtained from the linearized model to those from a real-time simulator. The model is particularly valuable in investigating SSR in TCSC compensated transmission systems and in evaluating control interactions between TCSC and other devices in the power system.
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(2) The model (3) is also nonlinear in its dependence on the thyristor switch off time 7 1 p . This is not treated in the analysis but we suggest that the simplification used in [5] will apply and that the final answer will be unaffected.
(3) In checking the expressions for F and G in equation (7), we obtained only the first of the two terms for F and only the first three of the four terms for G. (Our computation assumed that the final capacitor voltage was a function of the initial capacitor voltage, the dqO line current and the thyristor turn on time as implied by equation (4) and that F was the partial derivative of the final capacitor voltage with respect to the initial capacitor volt age. ) (4) If the conduction time a = 0, then Fa = F = 1 and Fdq0 is the negative of an identity matrix. It is then impossible to find a real matrix A which satisfies equation (10) . This problem also arises for positive a less than SO(&?) degrees (assuming the revised formula for F ) . Could the authors explain their view of this difficulty? (5) We are unsure of the use of exponential notation in equation (10) . Is B to be calculated from Gdqo = eAAT J;2/2 B and E to be similarly calculated? (6) We differ with the last sentence on the first page of the paper. The authors thank the cbscussors for their general interest in the paper and for their insightful comments.
The authors appreciate the careful analysis provided by Messrs. Rajaraman, Dobson, and Sarlashkar of the formulas in the paper. We agree with the discussors that the TCSC model does not depend on T~ which is similar to the results in [SI. Regarding the formulas for the F and G terms in Equation (7), the dependence of the firing time on the initial capacitor voltage and the line current is taken into account in the paper. This is necessary to account for any algebraic firing control law which might depend on either capacitor voltage or line current. For firing control laws which do not have algebraic dependence, the formulas will simpllfy to those experienced by the discussors. Regarding the conversion of the discrete model to a continuous one in Equation (IO), we agree with the discussors that when the conduction angle is below a quarter of the period of the LC circuit, the eigenvalues of FdqO are negative but that should not prevent the calculation of the logarithm in the computation of matrix A. Recall that the logarithm of a number z is given by log(z) = log(lz1) + j angle(z), and this is easily converted to a state space form with real quantities. Regarding the computation of matrices B and E from Equation (IO), the discussors' interpretation is correct but more diflFicult to calculate than that provided in the paper. Numerically, the calculation procedure is taken as * €3 = S i 1 Gdqo ,where = exp S21 s22 and a similar approach is followed in the computation of matrix E. Regarding the last comment of the discussors about the merits of the model in [5], we would like to state our opinion that the work presented in [5] was instrumental for the developments in the present paper. However, it is our opinion that the model development in [5] is incomplete as it does not present a stand-alone linearized model for the TCSC that can be interfaced to other components in the power system. Instead, it requires that the overall power system
